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ABSTRACT
The loss of energy due to friction is one of the major problems industries are facing nowadays.
Friction reduces the mechanical efficiency of the machine components. It is estimated that an
average of 40% energy is lost to overcome the friction. In recent years, surface modification and
surface texturing have shown tremendous ability to reduce friction and wear. Microstructures
generated on the surface act as a secondary reservoir for lubricants and wear particle receptacles
to reduce further abrasion. In addition, surface texturing boost hydrodynamic pressure which
increases the elasto-hydrodynamic lubrication regime of the Stribeck curve, reducing friction and
wear. There are different techniques used to texture the surfaces such as sandblasting, acid
etching, laser texturing, modulation-assisted machining, etc. Amongst all these techniques, laser
texturing is the most popular due to its advantages like high accuracy, good consistency and
celerity as compared to other techniques. This study focuses on the effects of laser texturing on
tribological properties of titanium alloy Ti6Al4V when in contact with a tungsten carbide ball. The
effect of varying the dimple density on friction is studied using PAO as a lubricant in titaniumtungsten carbide contact. Tests were performed on 8 samples with different dimple densities and
on an untextured sample. These different dimple densities were achieved by using different laser
speeds. Increasing in the laser speed results in a decrease in the dimple density. Results showed
that friction, as well as wear, is reduced for all the textured samples as compared to an
untextured sample. For the two samples with the highest dimple densities and laser speeds of
400mm/s and 800mm/s, friction is reduced by 67% as compared to untextured surface. However,
for the sample with laser speed of 400mm/s and dimple density of 50dimples/mm the surface
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hardness is increased considerably due to a longer exposure to laser, which can affect the
tribological properties of the material. The second sample with laser speed of 800mm/s and
dimple density of 25dimples/mm shows very low increase in surface hardness and it can be said
that the reduction in friction is the effect of laser texturing. For other samples with intermediate
dimple densities and laser speeds from 1200mm/s to 2800mm/s, the friction coefficient stays
low until the dimples wear out from the surface and then increases to a value similar to the
friction coefficient of untextured surface. Overall, the texturing of the metal surface improves
tribological properties of the metal.
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1.0 PROBLEM INTRODUCTION
Almost all industries in the world have mechanical components with relative motion between
each other. This relative motion causes friction between mating components. A large amount of
energy is lost to overcome the friction in machine components. In the transportation industry,
friction consumes almost 60% of the energy produced [1]. Globally, energy consumed due to
friction and wear is around 103 EJ and 16 EJ respectively. The cost incorporated to overcome this
friction is estimated to be 285,500 million US Dollars [1].

Figure 1: Energy consumption and CO2 emission due to friction and wear globally [1].

In this 21st century, due to the emission of greenhouse gasses, world is facing a global warming
issue. CO2 is the main contributor to greenhouse gasses. Friction and wear indirectly emits
around 7040 MtCO2 and 1080 MtCO2 of CO2 globally every year [1].
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Wang et al. [2] showed that surface texturing can help reducing energy consumption and
emission of CO2 gasses. Textured surfaces improve wettability and lubrication property of metals.
As a result, in vehicles, power output, emission, and fuel consumption are improved. There are
different methods which are used to texture the surfaces. These methods include sandblasting,
acid etching, media blasting, modulation-assisted machining, electron-beam, ion-beam laser
texturing.
Each of the above techniques has its own advantages and disadvantages, but the laser texturing
method is the most effective because of its unique advantages over other methods. Laser
texturing method provides high precision with a wide range of dimple size and shapes. As there
is no waste generated in laser texturing it is an environmentally friendly method. It is also easy
to control the dimple density and dimple depth by just varying the laser parameters [3].
In this thesis, the friction and wear behavior of textured samples generated using the laser
texturing method will be studied. The effect of the varying dimple density on tribological
properties will also be examined.
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2.0 THE RESEARCH QUESTION
Numerous studies have shown that surface texturing improves the tribological properties of
components in contact in mechanical applications. Over the years, several techniques have been
developed. This thesis will study the textured surfaces generated by laser texturing. The research
questions that must be answered are:
▪

Will textured surfaces created by laser texturing improve the tribological properties of
titanium?

▪

How changing the laser speed will affect the dimple density of textured surface?

▪

How varying dimple density on the textured surface affects the tribological properties of
metal in contact?

▪

What optimum dimple density will provide maximum improvement in the tribological
properties of titanium?
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3.0 LITERATURE REVIEW
3.1

Tribology

Friction is a resisting force which impedes the relative motion in solid surfaces, fluid layers, and
any other sliding surfaces. Friction is important and desirable for supplying traction in our day to
day activities such as walking, braking a car or changing the direction. A sudden reduction in
traction in these cases can cause loss of control and accidents. However, it is necessary to make
sure that its effects are minimized in machine applications like bearings, piston, and cylinder,
gears, etc, to save energy. This reduction in friction can be achieved by the use of lubricant
between two contacting surfaces [4].
Two surfaces in moving contact experience friction. This relative motion between surface causes
erosion and removes material from surfaces. This material removal is called wear [5]. To reduce
friction and wear of the materials we need to study the tribological properties of materials under
certain applications.
Tribology is the study of friction, lubrication and wear. Tribology can be defined as the science
and technology of interacting surfaces in relative motion. The word “tribology” derives from the
Greek root of the verb ‘tribo’ which means ‘rubbing’ and the suffix ‘logy’ means ‘study of’. In
1966 Peter Jost first coined the word tribology. Though tribology research can range from macro
to nano scales, it is traditionally concentrated on transport and manufacturing sectors [6].
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3.2

Stribeck Curve

In 1902, Richard Stribeck studied the friction coefficient properties in bearings. He plotted a graph
of friction coefficient against the bearing number which is also known as Hersey number. This
curve between the coefficient of friction and a Hersey number is called a Stribeck curve [6]. The
Hersey number is the dimensionless number obtained from the sliding velocity (m/s) times the
dynamic viscosity (N∙s/m2), divided by the load per unit length of bearing (N/m). The formula for
Hersey number is shown in equation 1 below:

𝑉

Hersey Number = ƞ ∗ 𝑃

Equation 1

Where, ƞ is dynamic viscosity in N∙s/m2,
V is sliding velocity in m/s, and
P is load per unit length in N/m.
Here, sliding velocity is the relative velocity between two mating surfaces and a unit load is
applied load over a projected area. When we plot Stribeck curve, we get different domains of
lubrication [7].
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Figure 2: Representation of the Stribeck curve [7].
Figure 2 shows the Stribeck curve for a generic lubricant. At the start of the curve, there is no
continuity from 0 to some point. This shows that when velocity is zero, this system will not act as
a tribo-system [7]. In the Stribeck curve, there are three different regions. The boundary
lubrication regime, the partial or mixed lubrication regime, and the hydrodynamic lubrication
regime.
Boundary Lubrication Regime: The boundary lubrication regime is essentially a solid lubrication.
It is associated with metal to metal contact between two sliding surfaces. The lubricant film
thickness is negligible. This lubrication is almost like dry lubrication. Reduced lubrication
parameter in the boundary lubrication regime leads fluid dynamic lift to almost disappear. As a
result, there is a significant amount of contact between sliding surfaces which increases friction
in the system. Dry friction is spotted at the end of the boundary lubrication regime [7-9].
Mixed Lubrication Regime: When sliding speed between two surfaces increases, the boundary
lubrication is reduced, creating a wedge of lubricant film. The thickness of this film further
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increases due to asperities and friction coefficient decreases to the condition known as mix
lubrication. This regime of lubrication is called mixed lubrication. There is occasional contact
between two sliding surfaces. In this regime, increase in the Hersey number leads to an increase
in the thickness of lubricant film between two sliding surfaces [7, 8].
Hydrodynamic Lubrication Regime: The Hydrodynamic lubrication occurs when a full film of oil
supports and creates a working clearance between two sliding surfaces. In the hydrodynamic
lubrication regime, the lubricant film thickness is comparatively high. There is no contact
between two sliding surfaces. The lubricant viscosity plays an important role in maintaining the
hydrodynamic lubrication condition. The lower Hersey number corresponds to a low value of
viscosity of the lubricant and hence within hydrodynamic lubrication, the friction coefficient is
lower when a value of Hersey number is low and friction coefficient is higher when a value of
Hersey number is high [7, 8].
Elasto-Hydrodynamic Lubrication: This lubrication regime is kind of hydrodynamic lubrication in
which significant elastic deformation of the surface takes place which considerably changes the
shape and thickness of lubricant film. In the Electro-Hydrodynamic regime, the friction coefficient
is minimum. This regime lies in between mixed lubrication and hydrodynamic lubrication [7].

3.3

Energy Losses Due to Friction and Wear in Different Industries

Friction exists in every type of industry. This friction leads to energy losses and wear of parts and
components. The losses caused by friction and wear in industries add to the significant amount
of money and energy consumption. Following are the frictional losses associated with some
major industries.
20

3.3.1 Manufacturing and Production industry
The chemical industry and petrochemical industry are the biggest energy consumers worldwide,
consuming almost 30% of the total energy used. Another large energy consumer is the iron and
steel industry, which accounts for 19% of energy consumption. These two industries consume
approximately half of the energy consumed by the industries. Other energy users are cement
industry (9%), paper industry (6%), food industry (5%), machinery industry (4%) and non-ferrous
metal industry (4%) [10].
In 2013, Holmberg studied the energy losses in the paper machine industry and the mining
industry due to friction [11, 12]. The study showed that 25% of total energy consumed is used to
overcome the friction in paper mills. On the other hand, in the mining industry energy consumed
to overcome friction is about 40% of total energy. The total energy consumed in all
manufacturing and production industries to overcome wear losses is estimated to be 14% of the
energy used to overcome friction [1].

Figure 3: Production machines in car, food, paper, steel and mining Industry [1].
21

3.3.2 Transportation Industry
The transportation industry is mainly divided into four categories which are road transportation,
sea transportation, rail transportation, and air transportation. Road vehicles use 75% of the total
energy used in transportation while the share of rail transportation is 4%. Sea transportation and
air transportation consumes 11% each of total transportation energy. For road transportation,
32% of energy is used to overcome friction while it is 10% for the aviation industry and both sea
and rail transportation consumes 20% energy to overcome friction. Overall in the transportation
industry, 30% of energy is wasted to overcome friction [13, 14]. Table 1 shows the key energy
figures for transportation.
Table 1: Key energy figures for transportation industry [1].

Transportation Mode

Global Energy Used
EJ/a

Road Transport

83

Part of global
transport energy
used
%
75

Rail Transport

4

4

20

Sea Transport

12

11

20

Air Transport

12

11

10

Total

110

100
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Energy Used to
Overcome Friction
%
32

3.3.3 Energy Industry
Energy industry includes different types of large power plants, blast furnaces, gas works, and
liquefication plants. Energy industry uses a lot of tribological contacts in different components
such as turbines, generators, pumps. Holmberg, in 2017, estimated the energy used to overcome
friction in the energy industry to be 20% of the total energy used. The losses due to wear are
estimated to be 22% of that due to friction [1].

3.4

Technologies to Reduce Friction and Wear

There are different techniques that we use to reduce the friction between two relatively moving
surfaces. These techniques are lubricants, new materials, surface modifications, and modern
technologies. Following is a summary of these techniques.
3.4.1 Lubricants
Using lubricants is the easiest and cheapest way to reduce friction and wear. Traditionally mineral
based oils are used as lubricants but nowadays the use of synthetic based oils is increasing
because of their higher thermal stability and longer service life. Tribologist have shown that there
are some ways to further improve the properties of traditional lubricants. Some of these
techniques are as follows:
A. Nanotechnology-based anti-friction and anti-wear additives:
Addition of specific nanomaterials to traditional lubricants have shown that friction can be
reduced in elastohydrodynamic lubricated and boundary lubricated contacts. These contacts can
be heavily loaded in certain cases by small pressure also and the oils with nanomaterials still
23

provide better protection against wear and low shear. Nanodiamonds, carbon nanotubes,
graphite onion like carbons are some of the nanomaterials which shows better tribological
properties when added to traditional lubricants [15-18].
B. Low Viscosity oils:
In hydrodynamic contacts, viscous and shear losses are significantly high. By using the low viscous
lubricant with the same friction resistant and wear resistant properties, these viscous losses can
be minimized. Minimizing the viscous losses can save a lot of energy in automotive engines.
Polyalkaline glycol-based lubricants are good examples of low viscosity oils with better
tribological properties [19–22].
C. Vapor Phase Lubrication:
In vapor phase lubrication a stream of gas takes the lubricant vapor to a mechanical system. In
such systems, the volume of lubricant needed for tribological action is very small and is provided
by a gas stream. The excessive volume of lubricant causes viscous losses so it is kept away from
the mechanical system. Vapor Phase lubrication is useful in high temperature operating systems.
Microelectromechanical systems also use phase lubrication [21, 22].
D. Ionic Liquids
Ionic liquids have emerged as very effective lubricants and additives to traditional lubricants in
last decade. Ionic liquids contain an organic cation and a relatively weak anion. Ionic liquids show
very high temperature stability, low vapor pressure and non-flammability which gives them an
advantage over the traditional lubricants. Due to their excellent properties they are not only used
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as neat lubricant but also as additives. Ionic liquids used as additives show higher friction
reduction compared to traditional additives [25, 26].
E. Other Anti-Wear Additives:
Additives are typically used to protect machine parts from wear and loss of metal during relative
motion with other metals. They are polar additives that attach to frictional metal surfaces. When
metal to metal contact occurs in mixed or boundary lubrication, they react chemically with metal
surfaces. They get activated by heat of contact and form a film that minimizes wear. They also
protect the base oil from oxidation and metal from corrosion. These additives are typically
phosphorous compounds, with most common being zinc dialkyldithiophosphate (ZDDP) [27].
3.4.2 Materials
Materials have a huge influence on friction as well as wear. Researches to find new more effective
materials with better tribological properties have been increased. Along with the search for new
materials, there are some techniques which are used to improve material properties. These
techniques include case carburizing, nitriding, boronizing in which material hardness, toughness
and wear resistance properties are improved. Shot peening and friction stir processing are some
of the exotic methods used to enhance material properties. Cold spray process is another new
and interesting process to control friction and wear [28].
Apart from above-mentioned surface hardening processes, adding a thin layer of another
material on the top surface is also effective in the reduction of friction and wear. This method is
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widely used in vacuum chambers with the help of vapor deposition techniques. A thin coating
can be further enhanced by nanolayered coatings and using nanostructures [29].
3.4.3 Surface Modifications
Surface roughness and surface topographies of materials have a high influence on tribological
properties. Properly designed and controlled surface modifications can reduce friction and wear
drastically. This surface modification is called surface texturing and can be very effectively used
to minimize the friction [30].

3.5

Surface Texturing

Surface texturing is a surface modification approach resulting in improvement of tribological
properties of a material. Texturing makes a positive impact on the loading capacity of materials
and friction coefficient. While texturing, artificial microfeatures are created on the surface. Wear
debris are trapped in micro dimples and eliminates the plowing friction. Sometimes these
dimples can act as a reservoir for lubricant. Because of these properties of micro-dimples,
texturing almost reduces the coefficient of friction by 75% for starved lubrication [28–31].
Nowadays the use of textured surfaces is common in a mechanical application like piston rings,
thrust bearing, and face seal.
Daniel Braun [35], studied the effect of laser texturing in mixed lubrication regime in which
almost 80% friction reduction was seen for optimal dimple diameter of textured surface. This
study also showed that there is nonlinear dependence of friction coefficient on dimple diameters,
sliding speed and oil temperature.
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Texturing the surface also shows positive variation in the Stribeck curve. The textured surfaces
produced by modulation assisted machining accelerates the appearance of the elastohydrodynamic regime with friction reduction of 56% and wear reduction of 90%. In the figure 4
below, you can see the hydrodynamic lubrication region is enlarged which is a good sign [36].

Figure 4: variation in stribeck curve due to surface texturing [37].

Depending on the design parameters, the effectiveness of surface texturing varies. Design
parameters can be size, shape, density or features such as speed and load [38].
Haiwu Yu [39], studied the geometric shape effects of textured surfaces on generation of
hydrodynamic pressure between two contacting surfaces. Test were performed on circular,
triangular and elliptical textured surfaces which showed that the textured surface with elliptical
dimples shows the highest load carrying capacity over other shapes.
Figure 5 shows different shapes of textured surfaces. Each shape provides different tribological
properties and response [39].
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Figure 5: Different types of textured surfaces (a) circle, (b) Ellipse, (c) Triangle [39].

Numerous techniques have been identified to modify surfaces and reduce the friction. Textured
surfaces are successful or not is decided by following two main factors.
A. Achieving maximum efficiency by optimizing design pattern.
B. A cheaper surface texturing technique which can be implemented in mass production.
In the last two decades, lots of efforts have been taken to optimize design patterns which will
give high load-bearing capacity with minimum friction. These parameters are nothing but shapes,
sizes or speed and load [40].

3.6

Manufacturing Techniques for Textured Surfaces

Over the years, a wide range of textured surface manufacturing techniques has evolved. The
purpose of these wide range techniques is to develop an optimum surface texturing pattern
which will reduce the friction [37].
Selection of manufacturing technique depends on its simplicity, manufacturing speed, cost and
flexibility to produce. Following are manufacturing processes for textured surfaces [40]:
A. Material Addition: In this process, the material is added to create patterns on the surface
which result in areas of reliefs.
28

B. Material Removal: In this process, the material is removed to create patterns on surfaces
which result in depressions.
C. Moving Material: In this process redistribution of material from one part to another part
takes place.
D. Self-Forming by wear: As a result of wear resistance, a textured is formed on the surface.

Figure 6: Schematic representation of the tree structure of surface texturing techniques in use
currently [40].
Figure 6 shows the list of current manufacturing techniques of textured surfaces.
The oldest technique used for texturing is sandblasting. It includes bombarding of very small solid
29

particles at high speed across the surface of the material. It is very cost effective and easy to
implement but controlling the depth and density of texture pattern is difficult. This limits the use
of sandblasting technique to very few applications [32, 33].
Photolithography and ion beam are other techniques which produce textured surfaces with high
precision in nano-scales. This technique needs a vacuum for its operation which limits its use to
highly specialized workplace. The production cost is high and it’s not suitable for mass
production. Another disadvantage with this technique is that it cannot texture non-flat surfaces
[42].
The use of a mechanical system of surface texturing which uses a two-ball end mill to texture the
surfaces was studied by Matsumura et al [43]. This is a highly efficient texturing technique with
machining error of only ±7 microns. If the revolutions of workpiece and tool feed rate are high,
then dimples can be machined independently.
Schneider [44] tested another technique called vibrorolling technique. This technique is getting
popular since the 90’s. Increased contact rigidity and fatigue strength are the advantages of this
technique. It gives quick and optimized surface finish because of its independence of service
characteristics like dimension, shape, positioning and surface area. Also, this machine does not
need a complex setup of machining elements as it uses current conventional machining
platforms.
The vibromechanical texturing technique uses CNC lathe with piezo-electric actuated tools which
generate dimple indentions. Though this process showed an 11%-dimensional error for
aluminum, it was 90% for steel. This error could be eliminated by the closed-loop control system
[45].
30

The most common methods used today is the Laser Surface Texturing Technique. Etsion et al,
Braun et al, Scaraggi et al [3], did the extensive research to study this technique. It produces
patterns with small features, with a depth of approximately 200 nm and diameter of 20 microns
can be easily machined. It is comparatively fast and non-hazardous to an environment having
uses in multiple types of contacts. Laser texturing is a digital process which gives you consistency
with surface finishing. A fully digital process that also permits you to the creation of new texture
patterns which are difficult to do with other texturing methods. Another plus point of laser
texturing is that it offers flexibility in dimple depths and diameters. The disadvantage with this
method is burr formation around the dimple circumference and hence need of post processing
[46].

Figure 7: Typical laser textured surface [47].

Figure 7 shows the typical laser textured surface. In this thesis, samples manufactured by laser
texturing technique will be used to perform tribological tests. These samples were prepared by
professor Jorge Salguero from Cadiz university in Spain.
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4.0 OBJECTIVES OF THE PROPOSED WORK
The objectives of this research work are:
1. To study the effect of laser texturing on tribological properties of titanium-ceramic
contact.
2. To study the influence of the laser speed on the dimple density.
3. To study the effect of variation of dimple density on the tribological properties of titanium
alloy Ti6Al4V.
4. To find the dimple density which will give maximum reduction in friction and wear.
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5.0 EXPERIMENTAL DETAILS
5.1

Samples

In this study, Ti6Al4V titanium alloy is used as a sample material. Ti6Al4V is a titanium alloy which
is widely used in direct manufacturing of parts and prototypes for racing and aerospace industry.
Its high strength low weight ratio and outstanding corrosion resistance make it suitable for many
biomedical applications too. Table 2 shows the different elements present in a Ti6Al4V alloy with
their percentage.
Table 2 : Percentage of different elements in Ti6Al4V alloy.
Element Name

Percentage of it in Ti6Al4V

Titanium

90%

Aluminum

6%

vanadium

4%

Iron

0.25%

Oxygen

0.2%

The laser texturing process is used to texture the surface. A Rofin EasyMark F20 machine is used
to texture the surface. Using eight different laser velocities, eight different samples with varying
dimple densities are manufactured on a single plate of Ti6Al4V metal. The dimensions of the plate
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are 50 mm in length, 48 mm in width, and 5 mm in height. Every single sample has a length of 10
mm and a width of 10 mm as shown in Figure 8.

Figure 8: Schematic representation of the sample (dimensions are in mm).
As the laser processing velocity changes, the dimple density also changes. The dimple density is
calculated using laser speed and laser frequency. The lower the laser processing velocity, the
higher the dimple density is. There are eight different textured surfaces with different dimple
densities on the metal plate that used for the frictional tests.
Sample 1 was created with lowest laser speed of 400mm/s and highest dimple density of
50dimples/mm. Sample 2 through sample 8 were created by using the laser speed ranging from
800mm/s to 2800mm/s respectively, giving out the dimple densities ranging from 25dimples/mm
to 7.1dimples/mm. Sample 9 is untextured sample of Ti6Al4V. Different manufacturing
parameters for given samples are shown in Table 3.
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Table 3: Parameters used for texturing the samples.

Laser
Frequency
(Hz)

Spacing
between two
laser passes
(microns)

50

20000

20

800

25

20000

40

60

1200

16.7

20000

60

Sample 4

60

1600

12.5

20000

80

Sample 5

60

2000

10

20000

100

Sample 6

60

2400

8.3

20000

120

Sample 7

60

2600

7.6

20000

140

Sample 8

60

2800

7.1

20000

160

Sample 9

Untextured

-

-

-

-

Sample No.

Laser Spot
Size
(microns)

Laser
Speed
(mm/s)

Sample 1

60

400

Sample 2

60

Sample 3

Dimple
Density
(dimples/mm)

Figure 9 (a) shows the schematic representation of variation of dimple density and Figure 9 (b)
shows the actual metal sample which is used for the tests. Sample 1 has the highest dimple
density while sample 8 has the lowest.
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(a)

(b)

Figure 9: (a) Schematic representation of variation in dimple density (b) Variation of dimple
density on the actual sample.

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Untextured Sample

Figure 10 : Microscopic images of the samples.
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Figure 10 shows the microscopic images of the samples used to perform the tests. Sample 1 with
the highest dimple density, sample 8 with the lowest dimple density and sample 9 which is the
untextured surface of the titanium.

Figure 11 : Surface profiles of all the samples (a)Sample 1 (b)Sample 2 (c)Sample 3 (d)Sample 4
(e)Sample 5 (f)Sample 6 (g)Sample 7 (h)Sample 8 (i)Untextured
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Figure 11 shows the 2D surface profiles of the untextured and textured samples. Sample 1 with
lowest laser speed sample 8 with highest laser speed and sample 9 is untextured sample. The 3D
images of surface characterization for all the samples can be seen in Appendix-II.
Table 4: Dimple Depths for all the samples
Laser Speed

Dimple Depth (microns)

400mm/s (Sample 1)

6

800mm/s (Sample 2)

6

1200mm/s (Sample 3)

8

1600mm/s (Sample 4)

7

2000mm/s (Sample 5)

7

2400mm/s (Sample 6)

7

2600mm/s (Sample 7)

8

2800mm/s (Sample 8)

7

Untextured Sample

_

Table 4 shows the dimple depths for all the samples measured by the NANOVEA non-contact
profilometer. The dimple depths for all the samples range from 6µm to 8µm, which is more or
less similar for all the samples.
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5.2

Contact Angle

Wettability is the property of fluid to spread on or adhere to a solid surface. This wettability is
generally measured in terms of the contact angle which fluid makes with the surface. If contact
angle of fluid is lower, then the wettability of fluid is higher. Higher wettability of lubricant with
the metal surface gives better friction reduction [48]. Figure 12 shows the measurement of
contact angle.

Figure 12: Contact angle of lubricant drop with surface[48]

The surface texturing affects the wettability of metal surfaces. To study the effect in wettability
the contact angle tests were performed on each sample using RAME-HART’s Goniometer and
Drop-Image software. PAO is used as a liquid over the Ti6Al4V textured surface. These tests were
conducted using 2 microliters of PAO for around 24 seconds to collect 25 data points of contact
angles for each sample on Ti6Al4V.
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5.3

The Roughness of Textured Surfaces

Roughness tests were performed on all the samples for Ra, Rz, Rpk values using the NANOVEA
ST400 non-contact profilometer with lateral resolution of 1.7 micro-meter and vertical resolution
of 8 nano-meter. Ra being the arithmetic average of the absolute values of the roughness profile
ordinates, Rz is the arithmetic mean value of the single roughness depths of consecutive sampling
lengths and Rpk is Maximum Profile Peak Height. These roughness values were studied against
the laser processing velocity.

5.4

Surface Hardness Tests

Though laser texturing has several advantages over different texturing processes, it generates
heat while texturing process is underway. As a result of a generated heat, the surface of the metal
sample may be heat treated which can increase the surface hardness of it. This increase in surface
hardness due to unwanted heat treatment impacts the tribological properties of the material. In
our study, we want to focus only on surface texturing and not on surface hardening. Therefore,
to investigate the surface hardening due to laser texturing, surface hardness tests were
performed on Vicker’s micro hardness tester. For each sample, twenty five readings were
recorded at different locations inside the sample.
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5.5

Tribometer Tests

Tribometer tests were performed to calculate the friction coefficient and wear on the titanium
surface. The reciprocating ball-on-flat tribometer with Tungsten-Carbide ball was used to
conduct the tests with PAO as a lubricant. Each test was performed under the same operating
conditions with the normal load 5 N which corresponds to maximum contact pressure of 3.8 GPa.
The frequency used is 2 Hz with a stroke length of 3mm, and a total sliding distance of 50 m.
Figure 13 shows the tribometer used to perform the tests.

Figure 13: Tribometer used to conduct the tests.

In ball on flat reciprocating tribometer, a tungsten carbide ball is inserted inside the pin holder
which rests on the titanium sample surface. Then reciprocating movement is provided to the pin
which causes friction between tungsten carbide ball and titanium surface. Due to this friction,
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there is instantaneous deflection in the tribometer arm which is recorded using strain gauges.
This strain gauge reading is then converted into friction coefficient using a LabVIEW program.
After performing the tribometer tests, wear tracks were analyzed using OLYMPUS B-2 optical
microscope. Using the same microscope wear track widths were also measured. Then wear
volume for these tests was calculated using the equation 2 [49]:
Vf = Ls [Rf2 arcsin (

𝑊

2𝑅𝑓

)−

𝑊
2

𝜋

(Rf – hf)] + hf2 (3Rf – hf)
3

Equation (2)

Where Vf is a wear volume in mm3, Ls is stroke length in mm, W is wearing track width in mm, Rf
is the radius of the ball in mm and hf is wear depth in mm which is calculated from the equation
3 [49].

hf = Rf – √𝑅𝑓2 −

𝑊2
4

Equation (3)

For each sample at least 2 tests were performed to guarantee the repeatability of the results.
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6.0 RESULTS
6.1 Wettability
The graph in Figure 14 shows that the contact angle test results for all the samples. It is clear that
the contact angle for the untreated sample is higher compare to textured surfaces. The decrease
in contact angle for textured surfaces shows higher wettability of liquid towards textured
surfaces which is favorable for friction reduction. Sample with laser velocity 800mm/s (sample 2)
and 2400mm/s (sample 6), shows the lower contact angle values.

1
2

8

6

1
3

7

5

4

3

4

5

2
[Grab
your reader’s attention with
6 a
great quote from the document or
use this space to emphasize a key
point. To place this text box
anywhere on the page, just drag it.]

7
8

Figure 14 : Contact angles for all the samples.
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6.2 Surface Roughness
Figure 15, 16 and 17 shows the roughness test results for all the samples. The yellow line in the
figure represents the value for untextured surface

Untextured

Figure 15 : Roughness value Ra for all the samples.

Untextured

Figure 16 : Roughness value Rz for all the samples.
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Untextured

Figure 17 : Roughness value Rpk for all the samples.
It is clear that the roughness of the untreated surface is lower than textured surfaces as expected.
Sample with laser speed 1200mm/s (sample 3), shows high values of roughness for all the three
roughness behaviors which are Ra, Rz, Rpk. This is because, dimples are located very tightly to
each other and there is no empty space between two consecutive dimples

6.3 Surface Hardness
Figure 18 shows the surface hardness test results for all textured surfaces. From figure 14, sample
with lower laser speed of 400mm/s (sample 1), shows higher surface hardness because it is
exposed to the laser for a longer time as compared to other samples. Samples with laser velocity
ranging from 1200mm/s to 2800mm/s (sample 3 to sample 8), shows similar surface hardness as
untextured surface and sample with laser velocity 800mm/s (sample 2), shows slightly increased
surface hardness.
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Figure 18 : Hardness test results for all the samples.

6.4 Tribological results
Figure 19 shows the friction coefficient values obtained from tribometer tests. The yellow line
represents the friction coefficient for untextured sample. Friction coefficient for textured
surfaces is reduced compared to untextured sample. Samples with laser velocity 400mm/s and
800mm/s (sample 1 and sample 2) and highest dimple density show the lowest friction coefficient
(0.1241 and 0.1269 respectively) whereas the untextured sample has the highest friction
coefficient (0.3808). Samples with laser velocity ranging from 1200mm/s to 2800mm/s (Sample
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3 to sample 8), have almost similar friction coefficient which is lower than the untextured sample
with average reduction in friction of 6%.

Figure 19 : Friction coefficient of different samples
As compared to the untextured surfaces, samples with laser speed of 400mm/s and 800mm/s
(sample 1 and sample 2) shows friction reduction of around 67%. However, for the sample with
laser speed of 400mm/s and dimple density of 50dimples/mm (sample 1), the surface hardness
is increased considerably due to longer exposure to laser which can affect the tribological
properties and the friction reduction is not because of only surface texturing. While the second
sample with laser speed of 800mm/s and dimple density of 25dimples/mm (sample 2), shows
very low increase in surface hardness. It can be said that the reduction in friction is due to laser
texturing.
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Figure 20: Friction vs Time curve for sample with laser speed 800mm/s and dimple density of
25dimples/mm (sample 2) and untextured sample
Figure 20 shows the reduction in friction for the sample with laser speed of 800mm/s and dimple
density of 25dimples/mm (sample 2), as compared to untextured sample.

Figure 21: Friction coefficient vs time curve for samples with laser speed ranging from
1200mm/s to 2800mm/sec (sample 3 to sample 8).
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Figure 21 shows the friction coefficient vs time curves for samples with laser speed ranging from
1200mm/s to 2800mm/s (sample 3 to sample 8). From the figure, a step in a friction coefficient
graph can be seen. The reason behind this step is wearing out of dimples. While the test is in
process, at first, there are dimples on the surface and friction coefficient stays low for that time
period due to texturing but after some time these dimples wear out and the metal surface starts
acting as an untextured surface with an increase in the friction coefficient. Friction coefficient
curves for each sample can be seen in Appendix-1.
The dimple wearing out time for all the samples was noted. Table 5 shows the dimple wearing
out time for given samples.
Table 5: Dimple wearing out time for given samples.
Laser Speed (mm/s)
1200 (Sample 3)

Time to Wear Out
Dimples (sec)
150

1600 (Sample 4)

506

2000 (Sample 5)

442

2400 (Sample 6)

390

2600 (Sample 7)

355

2800 (Sample 8)

337

It can be seen from table 5 and figure 22 that dimple wearing out time for sample with laser
speed 1200mm/s (sample 3) is lowest due to the highest surface roughness of this sample
amongst all the samples. For samples with laser speed ranging from 1600mm/s to 2800mm/s
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(sample 4 to sample 8), this time is decreasing with higher time for sample with laser speed of
1600mm/s (sample 4) and lowest time for sample with laser speed of 2800mm/s (sample 8). For
these samples dimple density decreases from 12.5dimples/mm to 7.1dimples/mm which results
in decrease in dimple wearing out time.

Figure 22 :Dimple wearing out time for given samples.

Figure 22 shows the graph of dimple wearing out time vs laser speed used for texturing the
samples.
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Figure 23 shows the wear volume results for all the samples. Yellow line indicates the friction
coefficient for untextured sample. It is clear that the wear volume for textured surfaces is
reduced. Wear volume for samples with laser speed of 400mm/s and 800mm/s (sample 1 and
sample 2) is reduced by almost 99% as compared to untextured sample. However, the sample
with laser speed of 400mm/s and dimple density of 50dimples/mm (sample 1), is exposed to laser
for longer time which results in the increase of surface hardness. This increased surface hardness
can be one of the reasons to reduce the wear for this particular sample. While the second sample
with laser speed of 800mm/s and dimple density of 25dimples/mm (sample 2), shows very low
increase in surface hardness and it can be said that the reduction in wear is due to laser texturing.
Samples with laser velocity ranging from 1200mm/s to 2800mm/s (Sample 3 to sample 8), have
almost similar wear volume which is slightly lower than the untextured sample with average
reduction in wear volume of 11%.

Figure 23: Wear volume for all the samples.
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(a)

(b)

(c)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 24 : wear track widths for (a) sample1 (b) sample2 (c) sample3 (d) Sample 4 (e) Sample 5
(f)Sample 6 (g) Sample 7 (h) Sample 8 (i) Untextured Sample.
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Figure 24 shows the wear track images obtained with an optical microscope for all the samples.
Samples with higher dimple densities and laser speed of 400mm/s and 800mm/s (sample 1 and
sample 2), show the minimum wear track width, while samples with laser speed ranging from
1200mm/s to 2800mm/s (sample 3 to sample 8), shows almost similar wear tracks with widths
less than that of untextured surface. The untextured sample shows the highest wear track width
compare to textured surfaces.
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The wear tracks were analyzed using NANOVEA ST400 profilometer to obtain the following
images.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 25: Wear track characterization for (a) sample1 (b) sample2 (c) sample3 (d) Sample 4 (e)
Sample 5 (f)Sample 6 (g) Sample 7 (h) Sample 8 (i) Untextured Sample.

Figure 25 shows the wear track characteristics for all the samples. Samples with higher dimple
densities and laser speed of 400mm/s and 800mm/s (sample 1 and sample 2), show the smallest
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wear tracks while Samples with laser speed ranging from1200mm/s to 2800mm/s (sample 3 to
sample 8), shows almost similar wear tracks less than that of untextured surface. The untextured
sample has the biggest wear track compare to textured surfaces.
Figure 26 (a) (b) shows the wear track profiles for sample with laser speed 800mm/s (sample 2)
and untextured sample. Wear track depth for the sample with highest dimple density is less than
2 microns whereas it is 113.36 microns for an untextured sample.

(a)

(b)
Figure 26: Wear track profile (a) sample with laser speed 800mm/s (sample 2) and (b)
untextured sample.
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6.6

Wear Mechanism

To study the wear mechanism, SEM tests were performed on the sample with lower friction and
wear and laser speed of 800mm/s (sample 2) and untextured sample.

(a) SEM images for untextured sample: (1) edge of wear track (2) enlarged image of wear track

(b) SEM images for Sample with maximum dimple density: (1) wear track (2) Enlarged image of
wear track
Figure 27 : SEM images for wear tracks of (a) Untextured sample and (b) sample with maximum
dimple density.
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Figure 27 shows the SEM images of wear tracks for untextured sample and the sample with laser
velocity 800mm/s (sample 2). In untextured sample there is an abrasive wear of the metal surface
and permanent deformation at the edge of wear track can be seen in figure 27(a)(1). From figure
27(a)(2) it can be seen that on untextured sample hard particles are ploughed from the metal
surface which results in a three-body abrasive wear.
On the other hand, for sample with laser speed of 800mm/s, wear track is very smooth and there
is no abrasive wear of metal surface. There is no deformation of material inside wear track and
no hard particles can be seen.

6.5 Wearing out of dimples
To validate the wearing out of dimples, tests were performed on sample 3 for 100 seconds and
200 seconds time duration. Figure 28 (a) shows the wear track for a test of 100 seconds and figure
28 (b) shows the wear track for a test of 200 seconds. It is clear that dimples wear out in between
100 seconds and 200 seconds and the graph of friction coefficient jumps at a higher value for
sample 3 in this time period.

(a)

(b)

Figure 28 : (a) 100 seconds test, (b) 200 seconds test for sample 3
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7.0 CONCLUSION
1. Results showed that laser texturing helps to improve tribological properties of titanium alloy.
For all the textured surfaces friction and wear is reduced as compared to untextured sample.
1.1. Samples with laser speed of 400mm/s and 800mm/s (sample 1 and sample 2), shows
friction reduction of around 67% and wear reduction of almost 99%.
1.2. Sample with laser speed of 400mm/s and dimple density of 50dimples/mm (sample 1),
the surface hardness is increased considerably due to longer exposure to laser. This
increased surface hardness affect the tribological properties and the friction reduction
may not be because of only surface texturing.
1.3. The second sample with laser speed of 800mm/s and dimple density of 25dimples/mm
(sample 2), shows very low increase in surface hardness and it can be said that the
reduction in friction is totally due to laser texturing.
1.4. Samples with laser velocity ranging from 1200mm/s to 2800mm/s (Sample 3 to sample
8), have almost similar friction coefficient which is lower than the untextured sample
with average reduction in friction of 6% and in wear 11%.
2. For texturing, change in laser processing velocity caused the change in dimple density on
samples. As laser velocity increases, dimple density decreases.
3. Variation in dimple density has very wide effects on the tribological properties of titanium.
For samples with laser speed of 400mm/s and 800mm/s (sample 1and sample 2) where
dimples overlap each other, friction is reduced drastically. For samples where dimples are not
overlapping each other, friction coefficient reduces as dimple density increases.
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4. Results showed that sample with laser speed 800mm/s and dimple density of 7.6
dimples/mm (sample 2), gives the best reduction of friction and wear without increasing the
surface hardness of titanium.
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8.0 FUTURE RESEARCH
Though this research shows great results, there are few areas that could be carried out on
forward. These areas are as follows:
1. The effect of varying dimple depth of laser textured surface on tribological properties of
titanium can be studied and optimum dimple depth can be found which will give
maximum friction and wear reduction.
2. The effect of different textured shapes created by laser texturing can be studied and the
best shape which will show higher friction and wear reduction can be found.
3. This research used only PAO as a lubricant but studying the effect of lubricant additives
(such as ionic liquids) on the tribological properties of laser textured surface would be
really interesting.
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9.0 APPENDIX I: Variation of friction Coefficient as a function of time
Following are the friction coefficient graphs for all the samples.

Figure 29 :Variation of friction coefficient for sample 1

Figure 30 : Variation of friction coefficient for sample 2
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Figure 31 :Variation of friction coefficient for sample 3

Figure 32 : Variation of friction coefficient for sample 4
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Figure 33 : Variation of friction coefficient for sample 5

Figure 34 : Variation of friction coefficient for sample 6
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Figure 35 : Variation of friction coefficient for sample 7

Figure 36 : Variation of friction coefficient for sample 8
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Figure 37 : Variation of friction coefficient for an untextured sample
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10.0 APPENDIX II – 3D Images of Samples without wear track.
Following are the 3D images of all the samples.

Figure 38: 3D Images of surface characterization for all samples
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